Abstract-Resistive memory technologies, in particular redox random access memory (ReRAM), are poised as one of the most prominent emerging memory categories to replace NAND flash and fill the important need for a Storage Class Memory (SCM). This is due to low switching energy, low current switching, high speed, outstanding endurance, scalability below 10 nm, and excellent back-end-of-line CMOS compatibility. Furthermore, the analog aspects of memristors have opened the door for many novel applications such as analog math accelerators and neuromorphic computers. This paper provides an overview of resistive memory technologies and their current status, with a focus on redox RAM (ReRAM).
INTRODUCTION
As NAND flash nears its physical scaling limits [1] , the semiconductor community has become increasingly interested in a number of alternative technologies which have improved scalability, higher speeds, greater endurances, and lower switching energies than flash. The concept of Storage Class Memory (SCM) has identified an important motivation to accelerate emerging memory development to replace magnetic and flash disk drives, solid state drives based on NAND flash, and possibly even the DRAM main memory [3] . This will provide several orders of magnitude in power savings and increased speed and density in modern data centers.
Key among these SCM candidate technologies are resistive switching memories (RRAM). Resistive switching memory can be broadly defined as a two terminal metal-insulator-metal structure which holds information in the resistance between the terminals. Phase change RAM (PCRAM) and spin-transfer torque RAM (STT-RAM) fall under this general category of resistance switching memory. However, this overview focuses on the category known as redox memory (ReRAM). This technology has seen a significant increase in research activity in the past several years [1] , due to excellent suitability as a NAND flash replacement and SCM candidate. Analog properties of ReRAM have also opened the door for new applications, such novel neuromorphic circuits [4] . This increase in research is reflected in the 2013 edition of the ITRS Emerging Research Devices (ERD) section, which provides an expanded section on this technology categories [1] .
Although not covered in this overview, several other emerging resistive switching technologies show promise [1] . Chief among these are the ferroelectric tunnel junction (FTJ) [5] , memories based on Mott insulators [6] , carbon based resistive switching memories [7] , and resistive polymer memories [8] . Redox effects likely play a significant role in certain types of carbon and polymer resistive memories.
A. Common Technological Features of Resistive Memory
It is useful to briefly highlight common technological features and terminology of resistive switching memories. Switching operations are often referred to as SET to a low resistance state (LRS) and RESET to a high resistance state (HRS). If SET and RESET switching operations require opposite voltage polarities, the device is considered bipolar. Conversely, a device is considered unipolar if the switching operation can be carried out without changing the voltage polarity. In this case the magnitude, duration, and waveform of the write pulse distinguish the SET/RESET operations.
One if the key advantages to RRAM is that it can be configured in a crossbar configuration, as depicted in (Fig  1(a) ). This configuration allows a cell area of 4F 2 , where F is (Fig 1(b) ). This layout provides the maximum density possible. However, a significant issue with this crossbar configuration is known as "sneak-paths," which affect both read and write operations of the devices. This arises because when a particular row and column are selected for a read or write operation, additional currents will flow through neighboring devices that disturb the intended operation. Read/write disturbs in crossbars makes it necessary to employ a select-device to isolate the specific device that is going to be read or written to. From the perspective of performance, the ideal select device is a transistor in series with each RRAM cell (known as an active crossbar). However, this also has the greatest area consequence. Hence, a number of select devices are being considered that could be integrated with the RRAM cell itself. These include inline diodes, metal oxide layers [9] , and mixed ionic/electronic conductors (MEIC) [10] . In addition, a configuration known as complementary resistive switching (CRS) uses two RRAM cells in series, one as the select device and the other as the storage device [11] . More recently, CRS has been shown in a single RRAM cell [12] , which has also been demonstrated as a method of holding more than one bit per resistance state [13] .
II. REDOX-BASED RESISTIVE MEMORY
Resistive switching memory devices based on nanoionic motion due to electro-or thermochemical processes are known as redox RAM (ReRAM) [14] . The ReRAM device is a metalinsulator-metal structure, where the specific metal electrodes and insulator determines the switching and conduction mechanism device. Due to the enhanced research activity in this field, the 2013 Emerging Research Device Chapter of ITRS has an expanded section on ReRAM [1] . This includes a new categorization based on the observed electrical behavior, which is related to the dominant physical mechanisms involved in ReRAM switching. The fundamental physical explanations of this categorization scheme are largely based on that presented in [14] . Fig. 2 visually depicts this categorization scheme and lists key features.
ReRAM can broadly be separated into two divisions: those which switch based on cation motion, and those that rely on anion motion [14] . Typically, anion based ReRAM cells are based on metal oxides, and switching is considered to result from oxygen anion vacancy motion, denoted V O¨ [15] . Both cations and anion vacancies are charged, and hence the direction of electric field plays a role in three of the four categories of ReRAM. The property of bipolar switching is a key indication that electric field plays a role in the switching process. An idealized bipolar ReRAM current-voltage curve is given in Fig. 3 . However, for the unipolar category of ReRAM, purely thermochemical effects dominate switching and the polarity of electric field does not matter.
Filamentary ReRAM has several common features. The signature of filament based switching is that device current in the low or high resistance states does not depend strongly on the device area (unless it is less than or equal to the area of the switching filament). Filamentary ReRAM devices typically require and initial electroforming step before standard nonvolatile switching occurs. This step creates the filament in an otherwise insulating layer; and redox processes facilitate switching within this filament region.
The key concepts and technological status of each of the four ReRAM categories are briefly described in the following. Electrochemical metallization bridge and bipolar filamentary metal oxide ReRAM technologies are the primary focus, due to the high research activity and progress on these categories in recent years.
A. Electrochemical Metallization Bridge Memory
Electrochemical Metallization Bridge (EMB) ReRAM, often referred to by industry as Conducting Bridge RAM (CBRAM), is a bipolar ReRAM that switches due to cation motion. Specifically, the resistance change occurs due to the formation (SET) and dissolution (RESET) of an Ag or Cu filament in this insulator. An EMB cell consists of a reactive electrode, either Ag or Cu, and an inert electrode (such as Pt) surrounding an insulator, typically a solid electrolyte or oxide [16] . A comprehensive table of EMB materials is given [17] .
EMB was the first category of ReRAM to have significant technological development, beginning in the late 1990's [18] , and is currently the most mature ReRAM technology. At the single cell level, endurance of greater than 10 10 cycles with little degradation has been demonstrated in Ag/GeSe devices [19] . While retention has historically been considered a weakness in EMB ReRAM, recent results demonstrate 1000 hr at 200 °C [20] . CMOS integrated EMB memory has write voltages of as low as 0.6V, and read voltages of 0.3V [21] which is an important advantage in terms of integrating it with scaled CMOS transistors. For example, the maximum operating voltage of 22 nm CMOS technology is less than 1V [1] . Hence, EMB read/write operations are compatible with the voltage range of these highly scaled transistors. Sony has demonstrated a 4 MB macro based on a CuTe/GdO x EMB cell which achieves cell program times as fast as 5 ns (although the full program routine takes ~100ns) [22] . The system level program and read throughputs is 216 MB/s and 2.3 GB/s, respectively [22] . EMB memory has been demonstrated scaled to 65 nm cells [23] and as switching relies on filaments that are a few nm, this technology is expected to be scalable below 10 nm (1X flash node) [24] , [15] .
Commercial EMB technology has been available from Adesto (CBRAM) as a 2 MB EEPROM replacement for embedded controllers for two years [25] . Despite low densities, it is important for an emerging memory technology to find this type of niche market and prove robust, reliable behavior [24] .
B. Metal Oxide: Bipolar -Filamentary
The category of metal oxide -bipolar filamentary (MO-BF) ReRAM is an asymmetric MIM structure (Fig. 2) , most often composed of transition metal oxides (although it can also occur in lanthanide oxides). This category is often referred to as valence change memory (VCM) because the oxygen vacancies experience valence state alteration during SET/RESET processes [15] . Switching in MO-BF type ReRAM involves the motion of oxygen vacancies, V O¨ in a nanoscale filament region of the oxide region in the cell. During switching, electric field and Joule heating increase (SET) and decrease (RESET) the radius of this V O¨ filament. Exact details of this process are not fully understood, but scientific knowledge has increased rapidly in recent years. Details are reviewed in refs [14] , [15] , and [26] . HfO x and TaO x have emerged as the most common MO-BF oxides, due to excellent CMOS compatibility, performance, and scalability. Other common materials include TiO 2 , WO x , and SrTiO 3 . MO-BF type ReRAM has demonstrated significant single-device performance records. TaO x devices  have achieved 10 12 cycles of endurance [27] , sub pJ [28] and sub ns switching [29] , and 10 year endurance [30] . HfO x devices scaled to 8 nm have been recently demonstrated, with excellent performance [31] . Program voltages range from about 1-2.5V [9] , [27] . In addition, the past two years have yielded progress in commercial prototype development. In 2012, Hynix demonstrated a TiO x /Ta 2 O 5 ReRAM based test chip which used the bilayer oxide to achieve nonlinearity [32] . In 2013, Sandisk/Toshiba reported a prototype 32 Gb ReRAM macro [33] , although device details were not given.
C. Metal Oxide: Unipolar -Filamentary
Unlike other ReRAM categories, the metal oxide unipolar filamentary (MO-UF) switching is caused by purely thermal oxidation and reduction of the filament, and hence it is commonly referred to as thermochemical memory [14] . This ReRAM structure is physically symmetric (see Fig. 2 ). In MO-UF memory, joule heating during the electroforming step creates a conductive filament in the metal oxide. The SET operation requires a current compliance during the voltage sweep, forming a conducting pathway of oxygen vacancies. During RESET, current compliance is removed and the thinnest portion of this filament is dissolved due to Joule heating [15] , [34] . Unipolar metal oxide switches initially gained attention when Samsung presented excellent switching results on a unipolar NiO cell at the 2004 International Electron Devices Meeting [35] . Research on MO-UF type memory has decreased in recent year due to the high reset current (~100 µA) needed to obtain adequate retention [36] .
D. Metal Oxide: Bipolar -Non-Filamentary
The fourth ReRAM category is unique in that it is based completely on an interfacial effect, and hence OFF-, and ONstate current depend linearly on the device area [37] . The MO-BN cell consists of two inert electrodes and a two part switching layer -a conductive metal oxide (CMO) and a very thin (~2 nm) insulating metal oxide (IMO) tunneling layer (see Fig. 2 ). The CMO is typically a perovskite material. Switching occurs through a uniform barrier lowering in the tunnel oxide due to the field dependent oxygen exchange between the two layers [37] . Joule heating effects are thought to have a minimal contribution to switching in this type of memory. A key advantage of MO-BN memory is that it does not rely on the electroformation and switching of a filament -a source of variation for filamentary ReRAM. Non-filamentary ReRAM was pioneered by Unity Semiconductor (later acquired by Rambus) under the name CMOx. At the 2010 ISSCC, Chevallier et al presented a 64 MB CMOx ReRAM macro -the largest ReRAM chip at that time [38] . The most significant drawback of MO-BN memory is the low retention time, which has limited the success of CMOx technology.
III. SUMMARY
Resistive memories, especially those based on redox processes, have made great progress in recent years and are likely candidates as a mainstream memory in less than a decade. Performance in terms of speed, endurance, switching energy, and scaling have already surpassed NAND flash. In the next several years, demonstrating large scale ReRAM macros with high reliability will be a critical goal.
ACKNOWLEDGMENTS
The author would like to acknowledge the ongoing work and discussions with the Sandia ReRAM team, esp. Andrew Lohn, Patrick Mickel, David Hughart, James Stevens, Robert Bondi, Geoff Brennecka, Conrad James, Erik Debenedictis, and Robert Fleming.
The author acknowledges useful discussion with Kirk Prall (Micron), An Chen (Globalfoundries), Victor Zhirnov (SRC), Jianhua Yang, (HP), John Paul Strachan (HP), Stan Williams (HP), Michael Kozicki (ASU), and Rainer Waser (RWTH Aachen). 
